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ABSTRACT

This report describes application of a decision—making ,

moni tor ing an d con trol model (DEMON) for  the human opera tor to a

task involv ing control of Remotely Piloted Vehicles (RPVs). The

DEMON model Is an extension of the Optimal Control Model (0CM) of

the operator derived by infusing decision theoretic notions into

the basic 0CM structure. The resulting model is designed to treat

situations in which control actions may be infrequent and

monitoring and decision—making are the operator ’s main  tasks

The task modelled is a simplified version of a s ulated RPV

mission. It retains many of the cognitive asp,p~~ of the f u l l

s i m u l a t i o n  but d i f f e r s  in several  de tai ls~,./par ticu 1arly  wi th

respect to the opera tor/ sys tem i n t e r f a c e .  ‘
~~he ana lys i s  of t h i s

problem i l lu s t r a t e s  some of the major considerations in appl y ing

DEMON to complex , superv i sory  control  problems .  It shows that with

f a i r l y  s t r a i g h t f o r w a r d  assumptions about the opera to r ’s task , DEMON

wi l l  g ive  reasonable predictions of performance. However , the

model results are  not compared with actual data so DEMON Is

present ly  unval ida ted .~~

The development of DEMON was part of a three year research

program for the Air Force Office of Scientific Research aimed at

Investigating human performance models. The report also provides a

brief summary of the overall effort.
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1. INTRODUCTION

This repo rt descri bes appl ica tion of a deci sion ma king ,

moni tor ing, and control model (DEMON ) for the human operator to a

Remotely Piloted Vehicle (RPV) enroute control task. The

development of this model was part of a three year program of AFOSR

sponsored research to explore approaches to modelling human

performance in superv isory control tasks typical of large complex

systems.

During the f i r s t  year of t h i s  program , we reviewe d a ra ther

extensive  l i t e r a t u r e  in human perf ormance model l ing , includ ing da ta

bank fo rmula t ions , network—based techniqu es, control—theoretic

models , Info rmation processing models , and some m iscellaneous

models having an operations—research flavor. From this review we

disti l led a set of issues concern in g human per f o rmance model l ing

that needed to be addressed , and we recommended research tha t wo uld

contribute to the resolution of those issues. This work is

documented in BBN Report 3446, entitled “Critical Review and

Analysis of Perfo rmance Models Applicable to Man—Machine Systems

Evalua tion ” (1].

One conclusion of the f i r s t year ’s e f f o r t was tha t there were

substantial philosophical and practical differences between

“bottom—up ” and “top—down ” approaches to modelling . We also

— 2 —
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observed from the literature that in no case had the alternative

approaches ever been applied to the same problem so that their

strengths and weaknesses could be compared directly. We were

in terested both in the process of model developmen t f rom these two

perspectives as well as the relative usefulness of the products

that result.

Accordingly, in the next two years of the program we began to

develop an example model of each type for  app l i ca t ion  to the

representation of operator/system performance in the enroute

control  task of the RPV manned s i m u l a t i o n  ( i nves t i ga t ed  by the

Systems Research Branch of the Human Eng inee r ing  Div i s ion ,

Aerospac e Med ical Research Labora tory (2]) . We comple ted a

formulation of the bottom—up model and delivered to AMRL the flow

charts and specifications required to integrate our model into the

SAINT simulation of the RPV control task developed by Wortman , et.

al. (3]. We also developed a general conceptualization for the

top—down model (DEMON). Both the bottom—up model and the general

DEMON formula tion are descri bed in detail  in our I n t e r i m  Scien ti f i c ’

Report [4 ] .

As a result of these efforts , it became clear that it would be

useful  to develop a separa te, self—con tained , s impl i f ied RPV

simulation model for analyzing the DEMON approach . This was

accomplished and the resulting development and analysis is the

— 3 —
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focus of th i s  r epo r t .  Our goal is to demons t ra te  by example some

of the strengths and weaknesses of this top—down approach to

modelling human performance in a complex system . However , it

should be emphasized that the structure of the model for the human

opera tor in DEMON appears to be genera l ly  applicabl e to prob lems in

which human con trol act ions may be in f r equen t an d in which

moni toring and decision—making are significant aspects of the

operator ’s task. As such , the DEMON approach provides a framework

for modelling a variety of superv isory control tasks.

The report beg ins wi th a description of the RPV con trol

problem as conducted in the five—station drone control facility at

AMRL. A brief discussion of the bottom—up modelling approach to

the problem is presented next. We then describe the simplified RPV

enroute control problem which was utilized in this study. This

problem captures m any of the important features of the full RPV

pr oblem an d al lows us to develop an unders tan d ing of the mod el l i ng

technique without undue complication. The DEMON model is described

next and results illustrating its behavior are then presented . We

conclude with a brief discussion of the modelling issues uncovered

thus far in this work and with suggestions for further research .

— 4 —
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2. THE RPV ENROUTE CONTROL PROBLEM

We begin this  secti on wi th a descr ip t ion of an RPV m ission as

cond ucted in the five—station drone control facility at AMR L . This

description is followed by b r i e f  charac ter i za tion of the

SAINT—based formulation of the control process developed by

Pri tsker and associates [3] and a summary of the general approach

we have taken in modifying this model to arrive at a bottom—up

representation of the process . An overview and general description

of DEMON is then given . The material presented here summarizes a

more detailed discussion given in (4] and is included to provide

further context for the specific DEMON application discussed later.

2.1 The AMR L Manned Simulation

An RPV mission requires coordinated flights of up to eleven

g roups of thre e RPV ’ s (triads); each group having one strike

vehicle (S) , one electronics countermeasures vehicle (E), and one

low reconnaissance vehicle (I.) . The S and E vehicles  f ly  over the

target 15 seconds apart , whi le  the L vehic le  fol lows two m i n u tes

later to assess damage.

At launch , each RPV is ass igned a f l i ght pa th tha t is assum ed

to be optimal in terms of terrain and defense . The vehicle is

au toma ti ca l ly  contro l le d wi th respec t to this  f l i ght pa th; however ,

— 5 —
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each vehicle is subject to flight—path errors resulting from

naviga t ion system e r r ors , position—reporting errors , communications

jamming by the enemy,  or equipment malfunctions . Because of these

errors and resultant drifts off course , the vehicles require

external monitoring and control from the ground station to keep

them as close to the desired path as possible. This supervision is

prov ided by f our hum an enr oute con troll ers , who are equipped with

CRT displays for monitoring of flight path and vehicle ‘tatus and

with keyboards and light pens for introducing changes in RPV flight

parameters.

Strike RPVs are handed off to a terminal controller , who is

equipped with a television picture of the view from the nose of the

- 

- 
RPV and with standard aircraft controls and displays in order to

direct each vehicle to a specific designated target , release its

pay load , and hand it back to one of the enroute controllers. To

simulate equivalent operations for E and L vehicles , the enroute

controllers hand off these vehicles to a pseudo—pilot , using the

same procedures . The operator designated as pseudo—pilot receives

a vehicle by operating a toggle switch on his control panel. At

spec i f i ed t imes , these vehicles are handed back to the enroute

controllers at a designated location on their pre—defined flight

path .

— 6 —
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For str i ke vehic l es, the flight path includes three waypoints .

The S waypoint identifies the position at which the vehicle is

prepared for hand off. The H waypoint designates the desired point

of actual handoff to the terminal controller. Finally, the B

waypoint designates the point at which the vehicle is handed back

from the terminal controller to one of the enroute—returr~

controllers . For E and L vehicles , only the H ari d B waypo ints ar e

identified .

At the beginning of a simulated mission , the eriroute

controllers first examine the pr e— scheduled times that each strike

vehicle is to arrive at handoff; they then generate , wi th paper and

penc il , a revised schedule that spaces handoffs to be separated by

two minu tes so tha t overlaps in termina l  con trol requi remen ts do

not occur . They also adjust the speed of one or more strike

vehicles to meet this revised schedule.

During the remain der of the mis sion , the enrou te control lers

are responsible for monitoring the flight path of vehicles assigned

to them , for issuing command s correcting flight path and velocity ,

and for dealing with any contingencies that may arise.

In order to conduct these activities , they are provided with a

l i s t e d/ t a b u l a r  summary  status for all RPVs and with capabilities

for displaying the flight path and detailed status of each vehicle.

— 7 —
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The entire simulation operates on a five—second frame update rate ,

so tha t di splays are updated once each f i v e  seconds an d command s

are only implemented in synchrony with this update period . The

status summary,  which Is displayed continuo usly, presents the

veh icle number , estimated time of arrival at the next waypoint , arid

a three—character code that describes command link status , wa ypo int

designator , and flight mode. In addi tion , i t d isplays a number

which is incremented automatically for each five—second period

during which a given vehicle deviates from the prescribed flight

path by more than an adjustment threshold. In order to examine the

actual flight path , deta i l ed vehic le  parame te rs , or commands issued

but not yet carried out , the operator must point his light pen at

the RPV num ber in ques tion on the status menu an d depr ess a key on

the special—purpose keyboard .

To ente r a pa tch (a chan ge in RPV f l i ght pa th) , the opera tor

indicates the desired change by designating one or more points on

the r ev ised f l i g h t pa th , depressing the reconnect function key, and

then designating the desired reconnect point . If the change does

not violate turn—radius constraints , and if the command link is

opera tional , the command will be executed at the next five—second

frame update. Otherwise , the command will be rejected by the

system and the operator will be so informed .

-

~~ 
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To enter a change in vehicle speed , the operator must indicate

that a velocity change is required on the function keyboard ,

designa te the RPV wi th the l igh t pen , type in the new veloci ty on

the stand ing keyboar d , and depress the EOB key.

Just prior to the S waypoint , an S RPV is prepared for handoff

by a pop—up maneuver that includes changing its speed to 250 knots

and chang ing its altitude to 3000 feet using a function key.

Pop—up for E and L. vehicles occurs just prior to the H waypoint ~n’~

involves an altitude change to 3000 feet and a velocity change to

400 knots.

The enroute controllers are instructed that their highest

pr iority is the timely execution of pop—ups and handoffs , their

second p r i o r i t y  should be m a i n t a i n i n g  the des i red  ETAs and

separa tions between S, E, and L RPVs, an d the i r  th i r d pri ori ty

should be to m i n i m i z e  f l i gh t  path dev ia t i ons .

2.2 Summary of the Pritsker Simulation

The original SAINT/RPV model has two pr imary components: (1)

a state variable component, which consists of the simula tion of the

RPV f l i g h t  posi t ion , n a v i g a t i o n  system e r ro r s , m a n e u v e r a b i l i t y

- 
- 

. 

constr a in ts, fuel  consumption , effects of disturbances on flight ,

and the impact of operator commands; and (2) a discrete task

— 9 —
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component , which s imula tes the sequence of con trol , decision , and

other operator tasks reviewed in Section 2.1 that must be performed

in ca r ry ing  out the RPV miss ion .

With a few except ions , all  opera to r  tasks de f ine d in the

SAINT/RPV simula tion share the fol lowing charac ter i stics:

(1) They can be per forme d by any one of the f our opera tors on the
control  team .

(2) The time requ ir ed for  the i r  pe r fo rmance  a re  selected f r o m
spec i f ied  d i s t r i b u t i o ns , most f r e q u e n t l y  normal , and are
rounded o f f  to the nearest five—second interval. All elapsed
t imes employed are  equal to or grea ter than zero seconds an d
less than 9 ,999 seconds.

(3) They are equal in priority.

• The SAINT/RPV simulation model embodies a number of mechanism s

that  are re qui red  for  coord ina t ion  between the s t a t e — v a r i a b l e  and

ta sk—or ien ted  components of the model , fo r  computa t ion  of tdsk

t ime , and for  match ing  of simulated opera to r  pe r fo rmance to tha t

exhibi ted by real operators. One such mechanism is the Operator

Attr ibu te f i l e , which prov ides a means for representing ind ividua l

differences among operators with respect to decision thresholds and

cri teria. Following Wortman et. al. (3], a shor t ca talog of such

fac tors is as follows :

“ (1.) The time before the RPV reaches its handoff
coordina tes that the operator prefers to initiate the
pop-up maneuver ;
(2) the times before  the RPV reaches its han dof f
coordina tes that the operator prefers to make a velocity

— 10 —
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chang e , the a l t i t u d e  chang e , and the hand over to the
terminal pilot or pseudo—pilot;
(3) The la teral  devia tion va lue  for the RPV above which
the opera tor wi l l  make a d irec tional chang e fo r  tha t RPV ;
and
(4) The difference between the actual ETA and the
desired ETA of the RPV that the operator deems
acceptable.” (p.40)

Values for each of the twenty—two Operator Attributes defined

in the program are input for each operator on the team prior to a

run of the simulation . As each task is initiated during the run ,

the program determines which operator will be responsible for its

execution , and then acquires the values of the attributes that

characterize the identified operator ’s perfo rmance.
4

A simulated RPV mission begins with each simulated operator

moni toring the progress of RPVs assigned to him. He then

determines whether or no t one of the veh icles has reached the po in t

at which he prefers to pop it up. If so, the pop—up procedure is

executed and the operator then waits until it is time to hand the

RPV off to another operator. After handoff , the operator waits

until the RPV has been flown throug h the target area by the

terminal pilot and has been handed back. He then pops the RPV down

for the return leg of the mission .

If no po p—u p or po p—down procedures are called for , as woul d

be the case d u r i n g  e a r l y  and la te  stages of a typical missi on , the

opera tor  de te rmines  whether  or not any of h i s  RPVs are

— 11 —
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malfunc tioning . Any malfunctions are corrected , if possible , and

the opera tor turns to consi dera t ion of whe ther or no t the veloci ty

of one or more of his RPVs shoul d be changed in or der to m i n i m i z e

errors in arrival t ime  at the handof f  point .

When necessary ad jus tments  in veloc i ty  have been completed ,

the opera tor deci des whe ther or no t the f l i ght pa th of any  of h i s

RPV ’s r e q u i r e s  amendment (or  p a t c h i n g ) . If so , and if al l

constraints relative to the current position of the RPV are

sa t i s f i ed  ( e . g . ,  i t  is not near  a programmed t u r ni n g  poin t ) , the

operator proceeds to input  a chang e in the f l i g h t  path .

Re tu rn ing  RPVs are checked to de te rmine  the adequacy of thei r

fuel suppli es, and velocities and altitudes are modified by the

operator to conserve fuel when necessary. The operator then

returns to the monitoring function and the process begins again.

The o r i g inal  SAINT/RPV s imula t ion was des igned to repl ica te

the organiza tion and perf ormance of a par ti cu lar  team of

controllers during a particular run of the RPV II ser ies  of

experimen tal missions . To achieve this goal , sever al mod i f i ca tions

to the general character of operations outlined in preced ing

paragraphs were introduced . The most significant of these relate

to (1) specialization of operator responsibilities and (2)

pre—programed hand—off failur es and other missed operations during

the mission.

— 12 —
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In eva lua t ing  the o r i g ina l  SAINT/RPV model componen ts, we

concluded that  the areas most in need of r ev i s ion  were those

associated with system monitoring and d e c i s i o n — m a k i n g , ra ther  than

those associated w i t h  c a r ry ing  out decis ions  once they have been

made . As wi l l  becc~me clear  shor t ly ,  we chose to merge the various

tasks involved in the primary decision and monitoring loop and to

preserve the e x i s t i n g  i n t e g r i t y  of tasks in dec i s ion  execut ion .

2.3 Overview of BBN Bottom—Up Approach

BBN ’ s bottom—up approach to model l ing  of RPV cont ro l le r

performance differs from the original approach in three important

respects: (1) instead of searching one parameter at a time , it

uti l izes  a para d igm in which all the in fo rma tion avai la ble for  a

g iven  RPV is ext rac ted  be fo re  the next RPV is cons idered;  (2)  i t

introd uces a d e f e r r e d  action concep t in wh ich the s imula ted

controller postpones the taking of corrective action with respect

to an RPV of low priority If an RPV of higher priority requires

correction , and then returns attention to the deferred Item when

time is available; and (3) it avoids the use of “ regression models”

with parameters that must be determined experimentally within a

par ticular  applica tion , and utilizes models with greater generality

for the prediction of controller performance .

— 13 —
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The rev ised model Is designed to r ef l e ct the complex pri ori ty

structure that the operators must employ. Some types of deviations

are inherently more serious than others , bu t a large devia tion on a

low—priori ty dimension can be more critical than a small deviation

on a high—prior ity dimension . Moreover , the impo r tance of a given

deviation will often be a function of how much time is available in

which to correct it. As a f i r s t approxima tion to th is p r i o r i ty

s t ruc tu re , the model inc ludes  two sets of ac t ion  l i m i t s . The f i r s t

set is termed immediate—action limits , and consists of those values

of var i ous state devia tions tha t wil l  cause the oper ator to

institute an immediate correction. The second set is termed

• deferred—action limits , and represents the values tha t the opera tor

wil l  employ if he finds rio deviations that exceed the

4 immediate—action limits. Both sets of limits depend , in general ,

on RPV type , miss i on phase , and time remaining before the next

waypoint. The revised model is structured as a two—pass process.

Durin g the f i r s t pass , the opera tor chec ks each RPV agains t the

Immediate—action limits in order of descend ing priority. If no

deviations exceed ing these limits are found for any RPV, he

proceed s to a secon d pass , employing the deferred—action limits .

As in the o r i g i n a l  model , each opera tor has an

“enrou te/re turn ” list of RPVs for which he is responsible during

mos t of the m ission , and a “terminal area ” l ist of RPVs which he

— 14 —
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prepares for handoff to the terminal area pilot and which he

receives back when the RPV has cleared the terminal area . These

two l i sts may be iden tical under some con tro l team organ i za tions ,

while  under others , they might be completely different .

Upon entering the monitoring phase the operator first checks

his terminal  area responsi bi l i ty lis t to determine  whe ther there

are any RPVs tha t are close to the poin ts at which they mus t be

popped up. If so, he checks to see whether the pop—up must be

In i tia ted immed ia tely or whe ther there  is time to car ry  ou t other

checks. If insufficien t time remains , he proceeds to perf orm the

po p—up ; otherwise , he continues checking his terminal—area list.

If no pop—ups are imminen t, he checks his terminal—area list

again for RPVs tha t have been han ded bac k by the terminal  p i lot an d

are ready for pop—down . Upon finding one , he procee d s to perf o rm

the pop—down; otherwise , he con tinu es chec k ing h is te rminal  ar ea

list. During this phase of monitoring , he also chec ks fo r

unacceptable lateral deviations for S RPVs that have been popped up

at S, but that have riot yet reached H. If such a deviation is

fo und , he proceeds to correct It.

If no requ i re d activi ties are d iscovered in checking the

terminal—area list , the operator proceed s to his enroute/return

list. Beginning with the first RPV on his list that Is still — 

-~~~~ .---- ~~--‘ - —
-
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enrou te , he checks each RP V in turn f or r equ i r ed re rou tes,

reprograms , and mal func tions (all of wh ich ar e in it ia ted by othe r

tasks of the original model), and then for unacceptable ETA errors

and LATDEV errors. He first checks for serious errors , using the
- • 

“ immediate—action ” error limits. If no such errors exist , he

begins a second pass. This pass begins again with a check of his

terminal—area list to determine whether any pop—ups or pop—downs

have become necessary. He then proceeds to check his

enrou te/re turn list again  us ing mor e str i n gent, “deferred—action ”

limits .

Elapsed times associated with operator tasks in the BBN

bottom—up model are calculated with the aid of human perfo rmance

sub—models and algorithms. Each of these sub—models and algorithms

repres ents, wi th as much f idel ity as is possibl e g iven our cu r ren t

state of unders tan d ing , the struc tural  aspects of the percep tual ,

cogni tive , and motor ski l ls  re qui red in pe r fo rmanc e of the task

with which it is identified . Thus , the model employed in

simula ting an opera tor ’s decision to correc t the vel oci ty of a

vehicle in orde r to assure timel y arrival at the hand—off waypoint

assumes the existence of three distinct types of processes: (1)

in forma tion acqu isi t ion , (2) numeric estimation , and (‘)

classifica tion . A second example is provided by the model use’~ th

compu ting t ime ta ken to compl ete the sequence of opera tions

— 16 —
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involved in issuing a patch command . This model envisages six

distinct operations : (1) scanning a display to obtain information.,

(2) pointing a light pen at the display, (3) identification of a

p particular function button on a keyboard , (4) depression of the

button , (5) scanning the RPV track on the display, and (6) pointing

the light pen at a second area of the display .

Associa ted with each of the percep tual , cognitive , or motor

operations identified in a given model is a particular value or

distribution of completion time and/or an algorithm that can be

employed to genera te an estima te of compl et ion t ime f or tha t

operation during simulation . An estimate of the time required to

compl ete a total task composed of these elemen ts is achi eved by

summ ing the individual operation times . Thus, in the second of the

models summarized above , an estimate of the time required by an

-

I 
operator to issue a patch command is achieved by adding together

three scanning times , d rawn independently from one distribution , to —

three motor performance times , compu ted wi th the aid of two

addi tional distr i b u tions , and an algorithm for combining sample

values.

The temporal distributions and algorithm s employed in the

curren t version of the simulation have different origins . One

type , speci f ied  by Pri tske r for  the ori g inal  SAI NT s imula t ion , was

developed from the results of the RPV II system simulation . This

— 17 — 
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ca tegory con ta ins  models tha t ar e s i m i l a r  in concept to regr ession

models , and that “describe ” very accurately the results obtained in

that study. The second type has been Introduced by BBN on the

basis of its review of the performance modelling literature.

-
• 

Dis tri butions and a lgor i thms hav in g th is la tter or i g in have been

substituted for the corresponding Pritsker formulations as part of

the general effort to increase the generality of application of the

SAINT simulation and to explore the feasibility of developing a

bottom—up approach that employs existing human perfo rmance models

and data.

2.4 Overview of BBN Top—Down Approach

The DEMON model is an example of the so—called top—down or

analytic approach to human performance modelling . Such an approach

begins with a mathematical characterization of the task includ ing

:1 the overall goals and the criteria for good performance . Then , one

attempts to develop the assum pti ons abou t the human opera tor an d

the system that are necessary and sufficient to characterize

perfo rmanc e in r e l a t ion  to the parame ters of in ter est to system

designers. There is , generall y, an attempt to avoid modelling

human performance and behav ior at a micro—level; rather , the hope

is to cap ture  jus t those aspects tha t ar e si gn i f i c an t wi th respec t

to the design parameters. Two important classes of top—down motels

are manua l control and signal detection models.

— 18 —
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DEMON does , in fact , have its foundation in control theory and

in s t a t i s t i c a l  e s t i m a t i o n  and dec i s ion  t h e o r y .  In p a r t i c u l a r , i t

d raws h e a v i l y  on the i n f o rma tion processing model imp l i c it in the

optimal control (0CM) model of the human operator (see, e.g., r51

for a recen t review of the 0CM) . To th is in fo rma t ion pr oce~ sina

structure is added a decision—making structure for modelling

discre te monitoring and control decisions and a structure for

computing continuous control actions .

The decision making structure in DEMON embodies the concept of

expected net gain (ENG) , which is used as a c r it e r i o n  fo r  m a k i n g  a

rational choice among alternatives . The expected net gain ENG from

a particular action is obtained by subtracting the cost of that

action from its expected gain. The expected gain itself is the

difference between the expected cost of events when no action is

taken and the expected cost of events that may arise after this

act~.on. The rational choice is to select that action which has the

greatest ENG.

Th e DEM ON model l ing appr oach views the human (enrou te)

operator as an element in a closed—loop control system , as sho wn in

the block diagram of Figure 1. The elements ’in this diagram are

described briefly below .

— 1 9 —
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DCF : The DCF (Drone control facility) contains the stored

flight plans that drive the N subsystems RPV
~ , i=l ,2,...,N. For

DEMON , the flight plans may be chosen arbitrarily.

System : The N RPVs undergoing monitoring /control constitute

the system . A l i n e a r i z e d  Set of s t a te  equa t ions  provi~.i~ a

representation of their dynamic behavior. The true status x 2 of

the i—th RPV may be different from the stored flight plans due to

“ d i s t u r b a n c e s ” w~ . The repor ted  s t a tus  y I w i l l  be d i f f e r e n t  f r o m

the true status x ’ d ue to repo r ti ng e r r o r  v~ . The observed or

perceived status y~ will depend on the reported status y’ and on

the “moni toring stra tegy ” (to be discussed later on) . The

d isturbances an d repo r ting err or v~ are modeled by suitable random

processes . The y1 are the displayed variables correspond ing to

RPV 1. General equations describing the system are g iven in [4].

Monitoring Strategy: Since the human must decide which RPV or

which d i sp l ay  to loo k a t, he needs to develop a monito ring

strategy. This is important because his estimates of the true

status of each RPV (and hence his patch decision strategy) will

depend upon his monitoring strategy. To account for the

interaction of the patch decision strategy with the monitoring

strategy we formulate and solve a combined monitoring and patching

decision problem (Appendix B of Reference 4 has the details)

Separating the monitoring decisions from the rest of the decisions

— 21 —
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leads to a much simpler derivation of the monitoring strategy as

discussed in Section 3.2. Such separation is assumed in the

present DEMON implementation of the RPV enroute operator model.

Moni tor ing  models may be d istingu i she d by wh ether they

predict temporal (time histories of) monitoring behavic’r or average

monitoring behavior over some chosen time horizon. Most of the

earlier work in the control literature , includ ing that with t.~e

0CM, falls in the latter category. The monitoring strategies we

consider will predict temporal behavior which can be simulated .

Some of the monitoring strategies derived in the literature which

can be investigated in the DEMON setup a r e :

(i) A simpl e strategy involving cyclical processing of the

various RPV5.

(ii) A strateg y generalizing the Queueing Theory Sampling

Model [6], which would minimize the total cost of not looking

at a particular RPV at a given time. This strategy is mainly

usefu l for  ma in ta i n i n g  la te ral dev iations wi th in allowa ble

limi ts. The costs for errors and for the different RPV5 would

be functions of the time—to—go and , possi bly ,  RPV type .

(i ii ) A stra tegy of samp l ing when the pro ba b i l i ty tha t the

si gnal exceeds some prescr i bed l imi t is g r eater than a

subjective probability threshold (7].

— 22 —
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Information Processor: This block models the processing that

goes on in the human opera tor to pr od uce the cu r r en t est ima te of

the true RPV status from past observed status . This block is the

well known control— theoretic model consisting of a Kalman

fil ter—predictor which produces the max imum—likelihood ,

least—squares estimate ~ ~~~~~~ ~Z2 ,..., ~N) of the true status

x of all the RPVs. It also prod uces the variance of the error in

that estimate.(Note that an estimate of the state of each RPV is

main tained synchronously at all times . Observation of a particu !~ r

RPV improves the accuracy of the estima te of the status of tha t RPV

whi le  uncer ta in ty abou t the status of the rem a inin g , unobserved

vehicles increases.) Given the assumptions generally made for this

ki nd of analysis , the inf o rma tion pr ocessor can thus genera te the

conditional density of x based on the past observations y.

Decision Strategy: This block models the process of deciding

- 
- which , if any, RPV to pa tch , pop—up or handoff. We cons ider  the

decision process to be discrete (it takes 5 sec to get a new

display) . The decision stra tegy a ttempts to m a x i m i z e the

(expected) gain.* This bloc k t rans la tes the bes t estima te ~ into

a decis ion to (i) command a pa tch , pop-up or handoff to one of the

RPV5 and/or (ii) modify the future monitoring strategy.

* The cost functions are discussed in detail in Section 3.2.

— 23 —
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Patch Command Genera tor : This block genera tes the comman ded

patch. We shall use a simple strateg y based on minimizing the 1-imE

to return to the desired path . The allowable paths wou 1c~ he

constra ined by the RPV turn in g ra d ius l i m i ts and the vel oci ty

4 cons t ra in t s .

Patch Check: This consists of a GO/NO GO check on the patch

using conditions on turning radius , etc.

— 2 4 —
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3. APPLICATION OF ‘DEMON ’ TO A SIMPLIFIED RPV CONTROL PROBLEM

3.1 System Description

In developing and demonstrating the DEMON model in the RPV

context we decided that It would be most efficient to consider a

s imp l i f i ed  vers ion  of the problem described in Section 2. 1. The

version used in this study is discussed below. A more complete and

general system model for  DEMON appl ica tion i s g iven in [4]. We

•1 hasten to note that the simplifying assumptions we have made do not

generally reflect an inherent limitation in DEMON. Instead , they

are motivated by our desire at this stage to Investigate and

illustra te model behavior ra ther than repl ica te RPV simul ation

results. With our simplified problem formulation we hope to have

capture d the essence of the RPV missi on wh i le di scar di ng the ni tty

gritty details.

3.1.1 Flight Plan

Nominal flight plans for each triad of RPVs are shown in

Figure 2. The S—vehicle is launched first followed by an E—vehicle

and an L—vehicle. The vehicles are launched forty—five second s

apart. The flight plans are such that the E—vehlcle arrives in the

terminal  area f i r s t, fifteen seconds ahead of the S—vehicle and 9~
seconds ahead of the L—vehicle. All of the flight plans contain

— 2 5 —
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preprogrammed t u r n s  as shown . The duration of the enroute phase of

the miss ion  is about 1200 seconds.

In most of our simulations there will be six RPVs, two tri~ds,

to control dur ing the course of the mission. The second triad will

be launched sequentially as above , 135 seconds after launch of the

first triad . Nominal pop—up arid hand—off tin1ss for the six RPVs

are  g iven in Table 1.

Table 1 Nominal Pop-up and Hand-off Times

RPV # 1 2 3 4 5 6

‘op—Up Time (sec) 955 940 1030 1090 1075 1170

‘and— Off Time (sec) 980 965 1055 1115 1100 1190

— 27—
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3.1.2 State Equations

We wish to describe the manner in which RPVs deviate from the

nominal  f l i ght plans and how they are  con trolled so as to keep

these deviations small. A description that is completely faithful

to the AMRL simulation requires state equations for error and rate

of chang e of e r ro r  alon g an d or thogonal to the nomina l f l ig ht path

(see Appendix A , (4]). This requires four state variables per RPV

as shown in Figure  3 and , g iven pres en t program cons tr a i n ts ,

- 

- s e r iously  l imi ts the num ber of RPVs that can be consi dered in a

single DEMON simulation.* We , therefore , chose a simpler model for

descr ibing  deviations from nominal. In Figure 3 let B denote the

desired RPV position and P the actual position at time t so that

= ground speed (ETA ) error  in fee t

x2 = LATDEV e r r or in f eet

Then , we set
~ 1( t )  = u1 (t) + w1 (t) (1)

= u2(t) + w2(t) (2)

where u 1(t) and u2(t) are con trol inpu ts to be selected by the

opera tor and w 1(t) and w2(t) are d is turbances causing f l i g h t plan

errors .

* One can, after some manipulation red uce the number of states to
three by considering equations for speed , cross— track and heading
errors .

— 28 —
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Fig. 3 .Choice of Co-ordinates for System Equation
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The control  v a r ia b l e s  can be def ined in a manner  wh ich re ta ins

some of the coupling between ETA errors and LATDEV errors. This is

accomplished by letting

u 1(-t ) = 0 if no pa tch is in e f f ec t
= Vcosp (t)—V otherwise

(3)
u2(t) = 0 if no LATDEV pa tch is in e f f e c t

= Vsin~ (t) otherwise

where V is the t rue  a i rspeed , V = 675 ft/sec is the nominal speed

and ~(t) is a pseudo “head ing” g iven by

= tan~~ (x2(t)/x1(t)) (4)

Equations (1)—(3) are shown for a single RPV. Similar equations

govern the flight of the other RPV5. The operator ’s pa tch comman ds

then correspon d to select ing a change in vel ocity or hea d ing so as

to eliminate perceived errors. The possible changes are limited by

vehicle constraints on speed , viz.

420 ft/sec = Vmin < V < Vmax = 800 ft/sec (5)

and on turn r adius , Rmin = 5280 ft.

The tu r n i n g radius  cons tr a i n t mus t be in tr oduced ar ti f i c i a l l y

in this simple model. This is accomplished as follows . The

current position , pseudo head ing and the reconnect point on the

f l i g h t  plan un ique ly  d e t e r m i ne  a “pseudo” turn circle of rad ius R.

Assuming tha t the turn  is ma de wi th cons tan t veloci ty V over a turn

t ime T i t is easy to show tha t

— 30 — —  
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R = VT/turn angle = 0.5 VT/head ing change

This compu ted va lu e of the turn  ra d ius R i s ch ecked aga ins t the

min imum turn rad ius Rmin.

The d isturbances are  constan t over any leg of the f l i g h t plan ,

but a new constant is chosen after each turn. The values for these

constan ts wer e chosen randomly to be

w1 = —6 ft/sec or + .3 ft/sec wi th equal probability
(6)

w2 = ±.8 ft/sec with equal probability

in each leg for our basic investigations . Once the pseudo—random

sequence of err ors was sel ected it was kept f i x e d  for  all r e m a i n i n g

parametric investigations . The effect of these errors is shown ,

for  RPV1 , in Figure  4 which presents ground speed and LATDEV errors

as a func tion of t ime, assuming no patch corrections to the flight

path. These curves also demonstrate an anomaly in the error at a

turn . Given that an RPV does not have zero ground speed error at a

turn , then there wi ll be a disc on t i n u i ty in the LATDEV e r r or as the

mission proceeds through the nominal turn time. This results from

the fact that this error is defined with respect to a different

nominal path before and after the turn . It is our understand ing

that this anomaly was also present in the RPV simulation . This

could be easily remed ied by avoiding sharp corners in the fli ght

plan but we have not done so at present.
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b) Lateral Deviation for RPV 1
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Table 2 g ives summary statistics for the six simulated RPVs in

the absence of control. In particular , we list the rms errors and

the errors at nominal handoff time for each RPV and the mean vd1u~

per RPV and standard deviation. These numbers indicate tne

difficulty of the task. We note that all RPV5 exceed the tolerable

LATDEV errors of 1500 ft. Moreover , if uncorrected , ETA e r r ors f o r

RPV5 1,2,4 and 6 would also exceed the 15 sec (1.0125 x iø~ ft.)

tolerance required for proper sequencing .

Rpv * 

- 
( t )  

Mean

RMS Groun d
Speed Error 10.54 13.56 8.26 14.74 8.47 12.72 12.10 2.80
(1000 ft)

PLMS LATDEV

~rror 6.06 7.10 5.10 6.75 4.61 4.46 3.45 1.15
( l0 O Cs f t)

Table 2 Summary Statistics for Six Uncontrolled RPV s

3.1.3 Displays

We will assum e a very simple display configuration. A menu

d i s p l a y  (M) p rovides  ground  speed error and a status display (5)

provides LATDEV error. On either display the information is

available for only one RPV at a time . Thus , in any f r ame , the

ope r ator can on ly  dete rmine  e i ther groun d speed er r or or LATDE V

error for a single RPV. The RPV simulation has a more complex set

— 34 —
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of display possibilit ies but at this stage of development this

simplify ing assumption will help significantly our understand ing of

model perfo rmance.

We also assume that there are reporting errors associated with

the displayed quantities. Thus, the menu and status displays

provide , for the selected RPV , no isy information on the states:

MENU : y1 x1 + v~,1
(7)

STATUS : Y2 X2 + Vy2

The repo r ting er r ors vy1 and Vy2 are assumed to be white noi~ e

sequences with an autocovariance that scales with the mean—squared

level of the measurement. A purely additive noise could have been

used but this was simpler to incorpora te via our existing program

and the scaling noise model is frequently a more realistic sensor

model . The signal—to—noise— ratio for reporting errors was assumed

to have a nominal  va lue  of —20 dB.

3.1.4 Miscellaneous Assumptions

Several additional assumptions were incorporated to simplify

the model :

— 35 —
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1) Patches a re  impl emented as c ommanded except in the case of

a NO/GO. No consideration is given to the mechanics of

pa tch implemen ta ti on , i.e. key—board or light—pen

operations , or to possible errors introduced in this

process . In addition , the command link is assumed to be

“up ” at all times .

ii) To make a velocity patch it is necessary to be monitori ng the

menu di splay an d , likewise , a LATDEV pa tch can only be made

when the status display is being monitored . On the other

han d , pop—up and hand—off can be commanded while looking at

either display.

iii) Pop—up and hand—off commands are assumed to include the

necessary altitude and speed patches . No “dead time ” after

pop—up or hand—off is included .

iv) No fuel constraints or malfunctions are included .

v) Only the en rou te  pa r t  of the RPV cont ro l  problem is inc luded

and reprog ramm ing is not considered .

Assumptions (i)—(iii ) are largely related to motor aspects of

the task which we v iew to be of secon dary  impor tance a t this  stag e

of development (especially in light of the five second frame update

rate) . Assumptions (iv) and (v) simplify the developnent and
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ana lys i s  consi dera bly wi thou t af f e c ti ng a ma jor por t ion of the

enroute control task.

.1
— 37 — • 1
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3.2 Mathematical Details of the DEMON RPV Operator Model

The essence of the top—down approach is to c h a r a c t e ri z e  the

m ission goals and cri ter ia f or good p e r f o r m a n ce in a mann er tha t

allows one to pred ict opera tor stra teg ies and overa l l  system

performance. In the DEMON model , th is impl ies select ing cr i te r i a

that can be translated into appropriate monitoring and control

(patching) strateg ies. In this section we discuss these criteria

and strategies , which are the pr ime concern of this study, in

relation to the problem described in Sections 2.1 and 3.1. Other

elemen ts of the DEM ON opera tor model shown in F igure 1 are also

discussed with respect to the specific application being

considered .

-

- 3.2.1 Information Processor

The in fo rma tion proce ssin g por tion of DEMON is drawn d irec tly

from the 0CM which has been documented extensively (5]. Here , we

disc uss it b r i e f ly  conf in in g our remar ks to the spec i f ic  pr ob lem

being considered .

The basic function of the information processor is to generate

a set of expectations concerning the status of the RPVs , tha t are

based on prev ious observa tions an d on an “in ternal” model for the

system . We shall assume , for simplicity, that the operator ’s

Internal model for the RPV is given by

- 
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x 1( t )  = u1(t) + wm (t) ; x1(0) = 0
1 (R)

= u 2 ( t )  + wm2 (t) ; x~~(0) = 0

where x 1(t) , x 2(t) and u1(t) and u2(t) are the states and controls ,

defined in equations (l)—(3). The “disturbances ” , and Wm2,

assumed in th is  i n t e rna l  representation are zero mean , gauss ian

whi te noise sequences wi th a u t o c o v a r i a n c e s  WØM 1 and WOM 2 and ,

th e r e f o r e , d i f f e r  f r om the “ true ” disturbances defined by Equation

( 6 ) .

The measuremen ts avai la ble f r om the d isplays are g iven by

equation (7) . Based on these measurements , the est ima tes f or the

states and the var iances  of the est ima tion e r r ors are g iven by the

well—known Kalman filter equations (8]. It is straightforward to

show that in the absence of control and monitoring , the estimate of

the state , Z ( t) , remains constant at x(t 0) and the uncertainty in

that estimate grows as W0M~~(t— t0) , where to is the time of last

observation.* If con trol is applied subsequ en t to to, bu t no

further observations are made , the est ima te is compu ted f rom
t

~~(t) = ~~(t0) + f ut t )  dt
to

* The assumpt ion of whi te no ise d isturbances in the in te rnal  model
of Equation (8) prevents the DEMON “opera tor ” from estimating the
ra te at which e r rors  are chang i ng du e to the b iases introduced by
the w i’s of equation (6). Actual operators are probably capable
of per form ing such estimation and it would be easy to include this
capabili ty in DEMON . However , to do so requires Increasing the
d imension of the state and , as no ted ear l ier , this  woul d reduce
the number of RPVS that could be considered simultaneously.

— 39 —
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The u n c e r t a i n t y  s ti l l  increases  at the same ra te , however , unl ess a

new observation is made.

The estima te x is the con d itiona l mean of x based on the

observat ions . This q u a n t i t y  and the v a r i a n c e  of the estimation

error  provid e a s u f f i c i e n t statistic fo r  spec i fy ing the subjective

probability distribution of x, g iven the assumptions we have made.

Th e above di scuss ion shows tha t pa tchin g (u) a f f ec ts the mean of

the subjective distribution whereas monitoring affects both the

mean and the uncertainty.

The in it ial state and uncer ta inty are  parame ters of the model
1

that describe the operator ’s initial knowledge of the state of the

system . These parameters become less sig n i f ican t with increas ing

time . The covar iance  W0M is also a p a r a m e t e r .  As we have seen , i t

describes the r a t e  at which  the opera to r ’ s uncer ta in ty g rows w ith

time in the absence of any additional info rmation. This parameter

relates to the operator ’s expec tat ions concern ing the di sturbanc es

per turbing the path as determ ined from instru ct ions or through

training .

3.2.2 Monitoring Strategy

Pri or to a frame update when new information becomes

availa ble , the opera tor mus t deci de which d isplay  to moni tor (an d

- 40 - ~~~~~~~~~~~
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perhaps act upon) in the next frame . Because there are two

separa te displ ays f or ETA and LATDEV f o r each of the N RPVs ar~

because the operator may choose to do something else ,* there ~re

2N+l alternatives among which to choose. We assume the operator ’s

choice is a rational one governed by his expectations as to the

system behavior , his  goals an d p r i o r iti es , and his instructions .

For example , pe r fo rman ce pr iori ties for  the opera tor to ach ieve

mission objectives in the RPV II stud y (21 were: 1) pop—up (down)

in good time sequence , ii) minimize ETA error at hand—off , iii )

time phased RPV arrivals , iv ) min im i z e la ter al dev ia ti on e r r o r s , v)

minimize command traffic (allow for possible “jamming ”), and vi)

minimize missed strikes.

- 

- The missi on fac tors may be incorpora ted in an expected net

gain criterion (see Section 2 .4 )  of the form

ENGM(i) = C~ Pj — CM~ ; i l , 2 , . . . ,2N

Here the constant  C~ is the cost associated with the event that the

state x 1 exceeds some “tolerable ” threshold TM i, whi le  P i~ is the

subjective probability of this event . As stated earlier , the H

in forma tion processor provi des the sub jective pr oba bi l ity

distribution for the states x~ of the RPV system un der

cons idera tion , and , hence , the P1.

‘ For examp le , monitor other ~PV’s not accounted for in the basic
state space model In DEMON , such as those on the return list.
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The constant  CM 1 is the action cost of monitoring the display

y~~. Assuming that  only  a s i ng l e  d i sp layed  v a r i a b l e  is selected for

m o n i t o r i n g  at a g iven t ime , the operator  would m o n i t o r  that yj~

which has the greatest (positive) ENGM(i) associated with it. If

none of the ENGM (i) is posi tiv e, no y 1 will be monitored at that

t ime which correspon ds to the opera tor doin g “other thing s” .

The parameters in the expression for the expected net gain

f rom mon ito r i n g ar e the thr eshol d , TM 1, associated with the P~ , and

the costs C~ and CM 1. These are the quantities that reflect

m ission object ives , etc. Assumptions about these parameters (and

those associated with patching decisions) are analogous to some of

the sta temen ts tha t are necessary for the Operator A t t r i b u t e  f i l e

in the Pritsker model (see Sec. 2.2).

There is cons idera ble f lex ib il ity and some re d undancy wi th

respect to choices among these parameters. In particular , there is

no requirement that they be constant in time . Thus, we can allow

the moni tor ing threshol ds to sh r in k l inea r ly  (or nonl inea r ly) wi th

time to reflect the fact that a deviation of a g iven magni tude is

much more important near pop—up than it is at launch .

Alternatively, the threshol d coul d be cons tan t, r ef lec t ing an equal

concern for errors throug hout the mission. The relative magnitudes

of C~ (or CM i) may be chosen to emphasize the relative importanct~

of ETA over LATDEV or of one RPV (say a strike) over another.

— 42 — 

~~~~~~~~~~



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - 

~~~

=_
~~~~~~~

_ _ _ _

~~~~~~

-_ _ _ • _ _ _

~~~

__
;~~~~~~~~~~~

_ _ _ _ _ _ _ _ _ _ _ _

~~~

_

BBN Report No. 4075 Bolt Beranek and Newman , Inc.

Th e CM~ can also be used to accoun t f o r  the  impor t ance  or

pr iority associated with pop—up or hand—off. This is accomplished

by le t t ing  CM 1 CM~0 — CMP~ — CMH1 . Here , CM~0 is a constant ,

reflecting some basic monitoring cost that is fixed during the

enroute phase . CMP~ is chosen to be zero from launch unti1 r p

seconds prior to the scheduled pop—up time ~~ at which time it

takes on a positive value . This value of CMP1 is kept constant

until pop—up is completed . Similarly CMH 1 has a value of zero

until seconds prior to scheduled hand—off at which time it is

g iven a positive value which is maintained until hand—off is

complete. Note that the quantities t~~ and T~~a r e  closely related

to correspond ing pa r ameters in the Operator Attribute file; they

ref l ect opera tor pref erences and/o r i n s t r u c t i o n s  wi th respect to

po p—up and hand—off.

3.2.3 Patching Strategy

By a patching s t ra tegy we mean the ra tional  decis ion wh eth~ r

or not to issue a pop—up, hand— off or a patch (ETA or LATflEV)

command . The patching strategy will depend on the monitoring

strategy. For example , in the presen t impl emen tation we assum e

tha t moni tor ing  ETA is essen tial for  ma k ing a veloc ity pa tch an d

that monitoring LATDEV is essential for making a LATDEV patch . It

Is assumed that pop—up or hand—off of an RPV may be done while

monitoring either of Its associated displays .

- - -
~~~~~~~~~~~~~~~~~ -
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Just as fo r  m o n i t o r i n g , we assum e tha t  the decision to patch

is mad e on the basis of criterion functions that reflect mission

goals , etc . Given that  the o p e r a t o r  is looking at the status

display ,  the choice of a LATDEV pa tch , pop—up or hand—off command

wil l  depend on the expected net gain associated with these

commands. If none of the expected ga in s  a re  sufficientl y la r ge to

of f s e t pa tch inh ib it ions such as the des i r e to ma in tain  ra di o

silence , then no command will be issued . Otherwise , the command

with the highest ENG will be executed . Similarly, for the patch

decisions when looking at the menu display.

We fo rmal i z e th is no tion aga in by means of rela t ively simpl e

expressions that can be related to the task. Consider the case

where the operator is looking at the status display. We define the

expected net g a i n  associated w i t h  each of h i s  poss ib le  patch

act ions by the fo l lowing :

E N G L ( I )  = CL j (~~2j ) 2 — CLK 1

ENGP(i) = CP 1 e xp ( t— T ~ + T ~ ) ( e x p ( 2 t F ) — l ]

ENGH(I) = CH~ e x p ( t — T H+T H ) ( e x p (2 t F ) — l ]

The rationale for selecting the LATDEV patching criterion ENGL(i)

is as fo l lows : CL j (x 2~ ) 2 is a measure  of the cost of the la teral

devia t ion  x 2~ of the i—th RPV from its flight plan. The purpose of

a LATDEV patch is to red uce the lateral deviation x21 to zero . It

can be shown tha t , g iv en the estima te x 2~ and its uncertainty, the

— 44 —
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opera tor ’s expected gain from patching is simply CL 1 (~ 2i 2) . As in

the case for monitoring , this potential gain must be balanced

against a patching cost and this is reflected in the CLK ,. The

patching cost may be dependent on time and so CLK~ is not

necessarily constant . A reasonable choice seems to be to have the

inh ibi tion against pa tchin g , hence CLK i, decrease with time.

Rewriting ENGL(i) = CL1 (~ 2i)2 — TL~ ], where  TL 12 = CLK~ /CLj, we may

use the LATDEV objective of the mission to select the value TL1 at

hand—off . The value of TL~ at launch is then a parameter to be

selected .

Turning now to ENGP (i) , the quan t i t i e s  T~ and Tp were

explained earlier while discussing the monitoring strategy. Note

that the expression (exp (2t F)—l ] is inc luded to account f o r  the

two—frame (2t F) duration required for a pop—up . CP j exp (t—T~ +rp)

is the assumed cost of miss ing  a po p—up where  the cons tant  CP 1

behaves sim ilarly to CMP i discussed e a r l i e r .  That  is , it has a

value zero until T~~seconds prior to pop—up at which time it takes

on a positive constant value until pop—up is completed . Altho ugh

this positive constant may be used as a parameter of the model , we

may also choose CP 1 by rationalizing the cost of missing a pop—up

against that of losing an RPV because of excessive LATDEV, i.e. by

setting the costs equal and solving for CP 1. Of course , the same

arguments apply to the ENGH(i).

— 45 —
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The identical problem faces the operator when viewing the menu

display; only here the ENG from a velocity patch must be compared

with ENGP(i) and ENGH(i) . The expected net gain for a velocity

F patch is defined analogously to that for a LATDEV patch , name ly  by

ENGV(i) = CV1 (~~2j_1/Vi)
2 — CVK~ = CVi N~~2i....l/Vi)

2 — TL?

with the choice of CV~ and CVI(j governed by similar considerations.

In summ ar y ,  while monitoring LATDEV , based on his expectations

the human operator (in the DEMON implementation) will decide to

pop—up , hand—off or do a LATDEV patch depending on which of the

expected net gains is most positive. If none of them is positive

he will not patch , pop—up, or hand—off. Note that his decision not

to patch may depend on his concern for breaking radio silence (as

reflected in the shrinking “threshold” TL~ ). Similarl y, whiJe

monitor ing ETA he may decide to pop—up , hand—off , do a velocity

patch or preserve radio silence .

3.2.4 Patch Command Generator

Once a decision is made to pa tch a par ti cu la r  RPV , it is

necessary to compute and execute the patch control. The purpose of

a patch control is to guide the RPV from its current location and

head ing to intercept and fly along the planned fl ight path . We

assum e a simpl e strateg y of minimizing the time to return to the

planned f l i g h t pa th ass u m i ng tha t the two con trol act ions on a

— 46 — 
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g iven RPV are non—interactive . In this case the control actions

are t r i v i a l l y  computable  us ing  the c u r r e n t  e s t i m a t e  of the  ETA and

LATDEV states :

u1

where T is the duration over which the patch is to take place. To

relate the u
~ 

to the velocity and heading we recall from Section

3.1 that

U2i_l = V1 cos

u21 V~ sin q~

which shows the interaction of the velocity patch V1 and the LATDEV

patch tI 1. Note that in the two—state formulation of the RPV

problem there is no true head ing . However , we use the above

equations to define “pseudo constant heading s” tI~ during the LATDEV

patch .

The velocity patch on RPV—i will be computed as

V1 = (u~ i_ j + V~ )/cos ~~
where

u2~ _1

A check is ma de on V1 to see of it is within the allowable limi~~~.

If it exceeds the limit then V~ is reset at the limit by adjustini.,

the patch time T and hence the patch control action u21_1 . Then

u 2~ is ad jus t ed  to account  fo r  i t s  i n t e r a c t i o n  with the velocity

patch .

-47 -
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A LATDEV patch will be computed as a constant pseudo heading

= ARCSIN (u2i/V 1)

where

U
2~~

A “pseudo rad ius of turn ” R is computed as described earlier in

• Section 3.2. If R violates the specified minimum turn radius RMIN

for the RPV then the patch time T is relaxed to satisfy the turn

radius constraint. To reflect the operator ’ s experience on making

LATDEV patches , a factor called SFACTR is introduced . SFACTR

F 

ranges from .2 to 1 and is nominally 1. It is decremented in steps

of .2  for each consecu tiv e d isallowed LATDEV pa tch and increme ted

in steps of .1 for each consecut ive successful LATDEV patch. The

opera tor wil l  use SFACTR as a safe ty fac tor to avo id tig h t turns

for the LATDEV patch and will use RMIN/SFACTR as a guide to select

the radius of turn for the LATDEV patches. Having dec ided on a

patch t ime T , the control action U2i is recomputed and then u2i 1

adjusted to re f lec t  the e f f e c t  of LATDEV on u2i_ 1.

3 3  Implementation of the Model

DEMON , the decis ion ma k ing , moni tor i n g , and con trol model of

the hum an operator is implemented in FORTRAN . The program has a

modula r  struc ture to fac ili ta te ease of add ing fur ther modules to

inclu de al terna tive mon itor ing,  con trol , and decision strategies

that may appear promising at a future date.
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To accommodate the random aspects of the problem , the prog ram

basically has a Monte—Carlo simulation character. The specialized

vers ion  of DEMON for  the RPV problem will produce as outputs the

“ true ” time—histories of the RPV flights , the sequence o f

m o n i t o r i n g  and patching decis ions  made , and the r e su l t i ng

per fo rmance  ( samples of ou tpu t s  are  included in Section 4 )

The important aspects of the simulation prog ram implementing

Demon are shown in the flow diag ram in Figure 5. There  a re , as

indicated , nine major modules in the program . Modules 4, 6 an d 7

are  of special in teres t  because they do not a r i se  in the usual

manual  control  models. The theory  behind these modules is

developed in Section 3.3 (also see reference [1]; ~ppendices A and

B)
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1 INITIALIZATION
RPV ’S QUED FOR LAUNCH ING

to ,  ~~~~~~~~~~ k~~1

2 UPDATE AND INTEGRATE EXTERNAL INPUT
FLIGHT PLAN EQUATIONS Z(k -1)

u ( k- l )

3 UPDATE AND INTEGRATE DISTURBANCES
SYSTEM EQUATIONS W (k-1),Vy (k-1)

Y ( k )

14 MONITORING I I UPDATE
STRAT EGY i I MAN-MODEL PARAMETERS

~~Y~(k)

5 UPDAT E AND INT !GRAT E L.._____i
MAN-MODEL EQUATIONS

I MONITORING STRATEGY ~~~~~~~~~~~~~~~~~~~

MONITOR

PATCH

P

L 17 PATCH COMMAND
GENERATOR

u ( k )

B STORE DATA FOR
PR INT /PLOT

N

V

~ PRINT/PLOTRESULTS

• Fig. 5 Flow Chart for Computer Implementation of the DEMON Model
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4. RESULTS

In t h i s  chapter  we wil l  examine the sens it iv ity of the

performance predic ted by DEMON to changes in parame ters of the

system and in those describing operator behav ior.

4.1 Basic Parameter Values

The parameters of interest are exhibited in Table 3 along with

a set of “ basic ” values for them . The basic parameter values were

chosen as follows .

System Parameters:

The number of RPVs on the opera tor ’ s en rou t e  l i s t  was chosen

to be six. This was thought to represent a reasonable load for the

mission duration and f i t  w i t h i n  present  DEMON computer  program

c o n t r a i n t s  which  would not allow more than two t r i ad s to be

considered . However , la ter in this chap ter it is shown how the

effect of a greater number of RPVs may be studied in the present

DEMON implementation. The choices of Rm irj = 5280 ft and tf = 5

seconds were based on the RPV II study [2]. The flight plan used

and shown in Figur e 2 is lar gely a pro duc t of our imagina t ion ,

tho ug h it was intended to capture some of the features of flight

plans in [ 2 ] .  The base nav iga t ion  e r r o r s  were selec ted to resul t

in “unaccep table ” e r ro r s , if ignored by the operators (see Table
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I DI  SYMBOL 
[ 

DESCRIPTION 
1 

LUES FOR

SYSTEM CHARACTERISTICS

Si N Number of RPV ’s ( RPV “density”) 6

S2 RMIN Minimum allowable turn radius 5280 ft.

S3 t1~. Display update rate 5 sec .

S4 FLTPLN Flight Plan Parameters such as flight Figure 2
duration and desired time for launch ,
turns , pop—up , hand—off , turn angles,
etc.

S5 w1 Navigation errors Eq. (4)

S6 V Reporting error -20 dayl.

H UMAN OPERATOR CHA RACTERISTICS

Hi TM. Monitoring threshold 250 ft. LATDEV
Sse c. ETA

H2 C~ Cost of exceeding TM~ 1

H3 CM
~ 

Monitoring Action Cost 0

H4 CL~ Cost factor for LATDEV - 1

H5 TL~ LATDEV Patch cost 250

H6 CV~ Cost factor for ETA deviation 109375

H7 TV~ Velocity patch cost 3375

H8 CP
~ 

Pop-up cost factor 2.i9E7/ExP(T~)

H9 Operator preferred pop—up interval 5 sec.

Rio CH
~ 

Hand-off cost factor CPj

ff11. rH Operator preferred hand—off interval 5 sec.

H12 WØM Operator ’s understanding of system 101250
navigation errors 10000

Table 3 Importan t Parameters in the DEMON Model 
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2) . The value of —20dB for the noise—to—signal ratio associated

wi th reporting errors was chosen arbitrarily, b ut corres pond s to

good “ repor t ing ” performance.

Human Operator Parameters:

The parameters of the operator are essentially those

associated with the expressions for expected net gains. These were

picked on the basis of the following mission related

considerations . The choice of 3375 ft. and 250 ft. for the

moni toring thresholds was based on the assumption that the

operators are instructed that a LATDEV of 250 ft. and an ETADEV of

5 sec. are tolerable. The choice of C1=l and CL1=l are made

because these may be used as normalizing factors without affecting

the opera tor ’s decision strategies. The monitoring action cost of

CM i=0 correspond s to an operator who is completely dedicated to the

N=6 RPVs in his enroute list. The patch costs TL~=75O and TV1= (5

times 675) reflect the assumed mission objectives of 250 ft. LATDEV

and 5 sec. ETADEV at handoff. The choice of TPi relative to CL1 1

is made by rationalizing a rJATDEV patch with a pop—up . For

example , the operator is assumed to consider a LATDEV patch to be

as impor tant as a pop—up if the fJATDEV near pop—up time is 1500 ft.

The rationale here is that if LATDEV exceeds 1500 ft. then terminal

control of that RPV will be lost . Equating the ENGL and ENGP in

this case resul ts in the choice of CP 1 shown . Similar argument
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y ields the val ues for CV 1 and CHi. The values Tp 5 and T
~
=5

correspond to a f rame t ime

The covariance of the noise (W0M) associated with the internal

model of equation (8) is a different type of oprator parameter. As

noted pr ev iously, they are intended to reflec t the operator ’s

expectations concerning the nav igation errors as determined from

training or instruction . The values shown were selected to yield a

probabil ity of .9 of exceeding ETA and LATDEV thresholds of 5 sec .

and 250 ft., respect ively,  at the t ime these threshol ds were

actually exceeded with the nominal nav igation errors.

Several DEMON runs were made to ascer tain the sensi t ivi ty to

var ious model parameters. These sensitivity results are described

below.

Figure 6 shows an example of the ‘act iv ity c h a r t ’  output

during an exercise of the DEMON model . This activity chart shows

all mon itoring and patching activity that goes on dur ing the

mission . The char t shows that the activities are governed by the

instantaneous val ues of the states and their estimates , and are not

pr eordained before the model run to occur in any particular

sequence. The first column under RPV 1 shows the monitoring

decision M , S or a blank according to whether the Menu , status or

no display was monitored . The next column shows the patching

— 54 —
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STARTING DEMON - VERSION 17
INPUT READ FROM FILE: DM6R1 .INP

DEMON SIMULATION OF A 2—STATE 6 RPV PROBLEM
CM = .25 , N = 6 , (N OISE WOM=648.E4 ,6.4E4)

TIME RPV 1 RPV 2 RPV 3 R?V 4 RPV 5 RPV 6
0. M
5. S
10. M
15. S
20. M
25. S
30. M
35. S
40. M
45. S
50. M
55. S
60. S
65. M
70. S
75. S
80. M
85. St.
90. GO S
95. M
100. S
105. M
110. S
115. S
120. M
125. SL
130. S GO
135. S
140. M
145. S
150. M
155. S
160. SL
165. M GO
170. S
175. MV
180. S
185. M
190. st.
195. St. GO
200. SL GO
205. GO M
210. St.
215. M GO
220. S
225. S
230. M

Fig. 6 Example Activity Chart for a S imple RPV Mission
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490. St.
495. GO MV
500. S
505. St.
510. MV GO
515. St.
520. M GO
525. St.
530. 5 GO
535. MV
540. S
545. St.
550. GO MV
555. S
560. S

• 565. M
570. S
575. St.
580. GO MV
585. SL
590. S GO
595. M
600. St.
605. MV GO
610. St.
615. St. GO
620. GO M
625. S
630. S
635. MV
640. St.
645. GO MV
650.  S
655. S
660. S
665. MV
670. St.
675. GO St.
680. MV GO
685. 5
690. M
695. St.
700. MV GO
705. St.
710. St. GO
715. S GO
720. M
725. S
730. M
735. St.

Fig . 6 continued
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235. S
240. S
245. S
250. M
255. S
260. MV
265. SL
270. M GO
275. S
280. St.
285. St. GO
290. GO MV
295. St.
300. GO M
305. St.
310. GO S
315. M
320. St.
325. S GO
330. 5
335. SL
340. St. GO
345. MV GO
350. St.
355. GO M
360. St.
365. M GO
370. 5
375. S
380. MV
385. SC
390. GO S
395. M
400. S
405. MV
410. S
415. St.
420. - St. GO
425. MV GO
430. S
435. MV
440. S
445. St.
450. GO M
455. S
460. St.
465. - S GO
470. M
475. S
480. St.
485. GO MV

Fig. 6 continued
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740. GO S
745. M
750. St.
755. S GO
760. S
765. SL
770. M GO
775. St.
780. MV GO
785. St.
790. GO St.
795. M GO
800. S
805. MV
810. St.
815. S GO
820. M
825. S
830. MV 

- 
-

835. 5
840. 5
845. St.
850. M GO
855. S
860. St.
865. M GO
870. St.
875. GO MV
880. St.
885. GO St.
890. St. GO
895. S GO
900. S
905. M
910. St.
915. S GO
920. M
925. SC
930. GO M
935. SL
940. GO MP
945. M
950. SL
955. SP GO
960. St.
965. SH GO
970. St.
975. M GO
980. SH
985. St.

Fig. 6 continued
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990. MV GO
995. S
1000. M
1005. S
1010. M
1015. S
1020. S
1025. St.
1030. SP GO
1035. M
1040. M
1045. St.
1050. St. GO
1055. MR GO
1060. S
1065. M
1070. 5
1075. MP
1080. S
1085. SC
1090. MP GO
1095. S
1100. SR
1105. St.
1110. GO M
1115. MR
1120. SL
1125. M GO
1130. S
1135. M
1140. 5
1145. M I 

-

1150. S
1155. M
1160. S
1165. M
1170. SP
1175. M
1180. S
1185. S
1190. MH
1195.
1200.
1205.
1210.
1215.

Fig . 6 continued
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decis ion H , P, V or C. If a LATDEV patch decision was made , the

resul t of the GO/NOGO check made by the sys tem in the nex t f r a m e  is

also indicated . Similarly the monitoring and patching activity for

all the RPV5 are indicated . It can be seen that early in the run ,

the ac t ivi t ies concen tra te on the RPVs already launched and bu ild

up in intensity as the mission progresses. The activities taper

o f f  towards  the end of the enroute mission as the RPVs are

h a n d e d — o f f .  Subsequent results are intended to show overall trends

of the effects of parameter changes. These are obtained from a set

of summary s t a t i s t i c s  output  by the implementated DEMON model .

4.2 Monitoring Performance

The DEMON model was exercised on several selected val ues for

the parameters characterizing the human operator . Figure 7 shows

the effect of varying the monitoring cost CMi on the monitoring

frequency. Two curves are shown . For the curve labelled TM = 1:1 ,

the moni tor ing thresholds TM 1 are constant from launch to hand—off.

For the curve labelled TM = 4:1 the monitoring thresholds at launch

are four times what they are at hand—off and decrease linearly with

m ission time. It is seen from Figur e 7 that the effect of

increas ing moni tor ing cos t is to decrease the mon itor ing f requency

(averaged over all the 6 RPVs under consideration) . For any given

mon itoring Cost CM , widening the monitoring threshold also

decreases the monitoring frequency.

— 6 0 — 
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1.0

.8 — THRESHOLD TM= 1:1
zw
a
w

~ .6 —

z
0
I-. .4 — 

-

z
0

.2 — 

THRESHOLD TM~ 4:1

0 I I 1
Ô 0.2 0.4 0.6 08 1.0

MONITORING COST , CM

Fig. 7 Effect of Monitoring Cost CM (and

Threshold TM) on Monitoring Frequency
U
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F i g u r e  8 shows the ef fec t on the TM = 1:1 c u r v e  in F i g u r e  6 if

the operator assumes a different model WOM for the nav igation

errors. Recall that the ENGM expression (with C~ =l) depends on the

difference Pi—CM 1. The subjective probabilities Pj depend both on

the estimates 
~~ 

and the uncertainties 
~~ 

associated with these

estimates. A lower value of WOM couses lower rate of growth of o-~

and hence it takes longer for the Pj associated with different RPV5

to be ‘equalized ’ and start overwhelming the monitoring cost CM L .

Thus for the low WOM case , the effect of CM i is more  pronounced

than in the high WØM case . In fact , it can be seen f r om F igure  8

tha t for  any f i x ed mon ito r i ng cos t CM , the monitoring frequency is

higher  if the operator  expects the nav iga t ion  e r r o r s  to be g r e a t er

(as represented by the higher noise covariance WOM) . The lower

val ue of WOM also red uces the effect of the pop—up cost , CMPi.

This results in missing scheduled pop—up times as indicated in

Table 4 (to be introduced later)

The resul ts in Figures  7 an d 8 were obt a ined by us ing the same

value of CM i for each of the 6 RPVs . It was stated earlier in

Section 3.2 that CM i may be used to distinguish between RPVs . This

is i l l u s t r a t e d  in F i g u r e  8 w h i c h  shows the  combind e f f e c t of

shrinking threshold and different RPV priority (in terms of CMi)

These results were otained in a further simplified , single state,

formula tion of the RPV problem with N=3 (see [4) for a detailed
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1.0

>- 8 - LOW WØM HIGH WØM
0 . 

-
- z

L~J

a
Ui
~ .6 —

Li~

z

0
-

z
0

.2 —

C I I I
0 0.2 0.4 0.6 0.8 1.0

MONITORING COST, CM

Fig . 8 Effect of Pseudo Process Noi~se WØM

on Monitoring Frequency
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Table 4 Error in Pop-Up Time

RPV # 1 2 3 4 5 6 
- 

Average

T~~~~~~~5 55 10 5 0 5 0 12.5

r = 2 55 10 5 0 5 0 1 2 . 5

T = 0 50 10 5 5 40 5 19.1

descr ip t ion of this pro blem) . The his togram plot of moni to r i n g

f r e quency in Figur e 9 indica tes tha t as miss ion time increases RPV

moni toring frequency increases. But there comes a time when

moni tor in g resouces are no t adequa te to sa ti s fy  the increas ing

need s of each of the RPVs and then the hi ghes t pr ior ity RPV deman d s

most of the attention it can get while the lowest pr iority RPV gets

no attention from the operator.
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MONITOR ING
FREQUENCY

0/ 
HIGH PRIORITY

70- RPV

.60 - 
/

50 .  

_

40- 
/

1

30 
~~~ MEDIUM PRiORITY

20 - -—

—

~~~~~~~~ 

__S\ 
• 

LOW PRIORITY
10 ~~~~~~~~~ 

RPV

\ 
TIME(FRAMES)

O0 100 200 300 400 500 600

Fig. 9 Histogram Plot Showing Combined Effect
of Shrinking Threshold and D i f fe r e n t
Monitoring Costs on Monitoring Activity
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The effect of adding more RPV5 on the operator ’ s moni tor ing

behav ior is illustrated in Figure 10. In this simple excercise of

the DEMON model , the RPV5 in the operator ’s “enrou te list” wer e

increased from 1 to 6 wh ile the pseudo ran dom nav iga tion e r ro r

sequence d r i v i n g  RPV 1 remained unaltered . The monitoring looks on

the S and M displ ays of RPV 1 a re  plot ted aga ins t  “ workload ” of the

operator as measured by the number of RPVs in his list . Clearly ,

when the o ther  RPVs compete for  a t t e n t i o n , the m o n i t o r i n g  ac tiv i ty

on RPV 1 decreases .

The presen t implemen tation of the DEM ON model can only

accomodate a max imum of 7 RPVs. To investigate the effect of a

higher number of RPVs we can in t ro duce the concep t of an

“equivalent RPV” . We saw in Figure 10, that additional RPV5

compete for monitoring attention. Likewise in Figures 7 and 8, the

effect of increasing the monitoring cost CM is to decrease the

moni toring frequency. Recall that CM can be used to account for

the necessity of doing other things. High enough values of CM will

result in per iods in which the six basic RPV5 are unmonitored . If

we assume that these periods are devoted to other RPVS , and that

all RPVs share monitoring attention approximately equally ,  then an

“equivalent” number of RPV5 is obtained by dividin~.~ the ac tual

number under control by the fraction of the total time that they

are be ing observed . For example , if a value of CM is chosen such
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z
0

0 1 2 3 4 5 6

NUMBER OF CONTROLLED RPV’s

Fig. 10 Ef fec t  of Workload (Number of Controlled
~PVs ) on Monitoring Looks on RPV 1
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tha t the bas ic six RPVs are moni tored only 60 per cen t of the t ime ,

then we can interpret this as equivalent to ten RPVs under control.

Using the concept of “equivalen t RPVs” Figures 7 and 10 are

combined to obtain the e f fec t of workload (equ ivalen t over the

number of real RPVs in the opera tor ’s list). The result plotted in

Figure 11 shows that average monitoring frequency is roughly

proportional to the reciprocal of the equivalent number of RPVs .

4.3 Patching Performance

In Section 4.1, we considered the sensitivity of monitoring

per formance to the opera tor parame ters CM , TM , WOM and the sys tem

parameter N. We now turn to the stud y of the operator ’s

effectiveness in controlling the system performance.

The e f fec t of v a r y i n g pa tch costs is i l lustra ted in the

computer generated graphs of ETA deviation for RPV 1. Figure 12(a)

is for the case of f l a t TL 1, TVi and Figure 12(b) is f or the case
of TL 1 shrinking to a value at hand off the same as that for the

f la t  TL~ , star t ing from a value at launch equal to four  t imes tha t

at hand—off. Clearly, higher patch costs during the early par t of

the m ission inhibit patches and result in greater ETA deviations .

However , the shr inking TLi ensures sufficient patching activity to

keep ETA near hand—off to be comparable to that in trie flat TLi

case .
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Fig. 11 Effect of Workload (Equivalent Number of RPVs)
- on Average Moni torin g Frequency
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F igu re  13 shows the e f f e c t  of work l oad  ( i n  te rms  of equivalent

number of RPVS) on the normalized controlled RPV performance as

defined below. RPV performance is measured in terms of the RMS

values of the deviations (ETADEV and LATDEV) from the fl ight plan .

The RMS val ue s are obtained by “ t ime averaging ” and thus include

r errors all along the flight plan from launch up to hand—off. A

con trol id RPV is a real RPV on the opera tor ’s enroute list . The

RMS value was averag ed over the controlled RPV5 and then div ided by

the i n d i f f e r e n c e  threshold se t t ing  (chosen to be 250 ’ for  LATDEV

and 5 sec. fo r  ETADEV in the model run ) to ob ta in  the n ormal ized

controlled RPV performance . The results for LATDEV and ETADEV are

plotted on Figure 13. The operator is able to control up to four

RPVs without a deg radation in performance. Then , pe r fo rmance

steadily deteriorates as workload increases. It is clear that for

the chosen parameter setting s there is a critical point at N=7 .

The average RMS LATDEV , integrated from launch to hand—off for N=7 ,

has a val ue of r oughly 1500’ w i t h  pe r fo rmance  d e t e r i o r a t i ng  at a

high rate .

It is in t e re s t ing  to note that  the RMS e r r o r s  seem to f l a t t e n

out for  N > l 5 .  A f u r t h e r  analys is  shows tha t  these peak value s of

F.NS e r ro r s  are  the e r r o r s  inhe ren t  in the m i s s i o n  due  to nav igat ion

e r ro r s , that is, the e r r o r s  tha t woul d resul t i f the opera tor ’s

enr ou te  l i s t  were  “ empty ” and the RPV5 t r y  to nego t i a te  the f l ight

plan without control .
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The results shown in Figure 13 were obtained with the

opera tor ’s v iew of the nav ig a tio n e r r o r  as a “low ” no ise process.

The same model runs  were repea ted , this time with the operator ’s

view of the nav igation errors to be a “high” noise process. The

r e s u l t i n g  curves  ( F i g u r e  14) show tha t  the RMS er r o r s  are lower

than in the “low ” noise case . This is because the higher noise

causes the mon itor ing f r equency to increase (see F ig u r e  8) thus

improving the operator ’s estimation process.

Now we turn to the effect of Tp on pop—up. Recall that T p

second s pr ior to the desired pop—up time ~~~ the DEMON operator

beg ins to be concerned about pop— up . A few model runs were mad e by

v a r y i n g  t~ and the results are displayed in Table 4. As it was

mentioned earlier the lower WOM causes the DEMON operator to miss

pop—ups even with a -r~ of 5 sec. It is seen from Table 4 that with

~
=0 the average error in pop—up time is even larger . These errors

in pop— up time also cause similar errors in hand—off time which

increases from an average value of 12.5 for Ip=S to 31.7 for T~~~Ø .

Note that the 5 sec . frame update time makes all intermediate

values of Tp between 0 and 5 behave the same as = 5 sec .

The e f f e c ts of var ious human parame ters on moni tor ing and

patching per formance were discussed above. The only system

parame ter that was included in the above discussion was the

workload as represen ted by the number N of RPVs for which the
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opera tor has responsibility . We consider now the effect of the

repo r ting e r ro r  V~, and the nav igat ion e r r or s Wj  on the system

performance . Table 5 shows the effect of var ious levels of

Table 5: Effect of Reporting Errors

Vy —20 —17 —14

RI4S ETAD EV 5 . 5 7  5 9 4  6.33
(1000 f t . )

RMS ETADEV 0 95 1.02 1.15
(1000 f t . )

MEAN ERROR
in pop up 12.5 8 20
time (sec.)

reporting errors on the RMS deviations (averaged over the six

controlled RPV5) . It is clear that higher reporting errors lead to

deg r ada t ion  in per fo rmance .  The mean e r ro r  in pop—up time is also

shown . We would expect the e r r o r s  in pop-up t ime  to deg r ade

steadily with increasing reporting errors if these e r r o r s  were

obtained by averaging over many runs (i.e., by Mon te Carlo

simulation)
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The e f f e c t of nav igat ion e r r o r s  is shown in Table 6 for  three

Table 6: Effect of Navigation Errors

CASE A CASE B CASE C

wj ft/sec 0.6 6.7 6.7
w2 ft/sec 0.8 0.8 2.0

RNS ETA DEV 5.57 9.13 10.38
(1000 f t . )

RNS LAT DEV 0.95 1.75 2 .76
(1000 ft.)

MEAN ERROR
in pop up time 12.5 24.2 22.5
(sec.)

NUMBER OF PATCHES 130 146 152(ETA + LAT DEV )
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cases. Case A is the basic case , Case B has higher ETA nav igation

errors over Case A and Case C has higher LATDEV nav iga t ion  e r r o r s

over Case B. The r e su l t s  again show degrada t ion  in RMS devia t ions

as the nav iga t ion  e r r o r s  get worse . Table 6 also shows tha t

average number of patches per RPV also increases . The mean error

in pop—up time is also displayed in Table 6 and the discussion in

— the prev ious paragraph appl ies here as well.

4 .4  Remarks

In summary,  the r~ su1ts obtained with the DEMON model are very

in teres t ing and are represen tative of the type of resul ts tha t may

be obtained with a top—down approach to modelling the RPV conrol

problem . Of course , more sensi tiv ity resul ts wou ld be use fu l  bu t

the results obtained thus far for monitoring performance show that

the model does behave reasonbly ,  that the parameters do

significantly affect the performance and that the monitoring and

patching trends are as expected . They seem to be sufficient to

Captur e the important aspects of variations in monitoring and

patching strategies. They also show how the model may address

important considerations from the system designer ’s poin t of v iew

such as RPV/ Opera tor ra tio , allowable nav igation errors , tolerable

reporting errors and so forth. However , in the presen t vers ion of

DEMON details  of con trol and d isplay implemen ta tions are no t so
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read i ly  addressed , a l though  these may be dealt with by further

refinemen ts of the model.

Thus , the resul ts ob ta ined do appear to prov ide a ‘proof of

concept ’ for the top—down approa.:h employed in DEMON for modelling

the RPV enrou te con trol problem . However , val ida t ion of the model

requires comparison of the results from DEMON with data from a

‘real ’ RPV m ission , which remains to be done .
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5. CONCLUSIONS AND SUGGESTIONS FOR FURTH E R RESEARCH

In th is repor t, we have descr i bed the applica t ion of a

decision—making , m o n i t o r i n g  and control  model (DEMON ) of the human

operator to a simplified RPV control task. However , our major

objective in th is e f f o r t was no t so much to devel op a model of RPV

con trol as it ~as to explore issue s in model developmen t for

complex systems and to compare this top—down approach with a

bottom— up approach to the same problem . Unfortunately, a complete

eval ua t ion  of the approache s cannot be made wi thou t  model

va l ida t ion resul ts and these are not yet ava i l ab le .  Thus , we w ill

conf ine our remarks  here  to a d i scuss ion o f the DEMON approach to

modelling complex systems in light of our experiences to date . The

reader is referred to Reference 4 for an analysis of the bottom—up

approach .

The DEMON model is aimed at addressing system level questions.

It views the operator as an element in a closed—loop system whose

decisions and actions are based on rational considerations

concerning the task objectives. DEMON utilizes the information

processing structure of the 0CM which has been val idated many times

in the context of continuous control and in decision tasks.

A major ques t ion concern ing the use of con trol theore ti c

techn iques for model l ing superv isory con trol tasks is the ab il ity
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to trea t asynchron ous , discrete tasks in what is essentially a

Cont inuous  set—up . Our r e su l t s  show that this is not a problem ,

conceptually at least, if one infuses  dec ision theore tic no tions

into the model .

A question frequently raised with respect to the top—down

modell ing approach concerns the level of parametric specification

needed for the model. This did not seem to be a major problem in

this investigation . In the standard 0CM , one woul d normally hav e

to spec ify parameters that describe human limitations , n ame ly ,  time

delay and observation and motor noises. This was not necessary

here because these limitations could be neglected in V i e w  of the

long f r ame  t ime and the r epor t ing  e r r o r s .  We suspect that this

migh t  al so be t rue  for  many o ther  supervisory control tasks . Thus ,

- 
- we were lef t only wi th a parame ter tha t descr ibed the opera tor ’s

expec tation as to the ra te of grow th o f uncer tain ty due to

nav igation errors and a set of parameters associated with the

expressions for expected net gain. These parameters relate

direc tly to mission objectives and instructions or training . They

are equivalen t , in some sense , to a subset of the Opera tor

Attribute file of the Pritsker bottom—up simulation . However , they

are fewer in number and , more importantly, en ter the model in qu ite

a differen t way .
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The manner  in which  dec is ion  m a k i n g  is implemented in DEMON

lead s to a s i g n i f i c a n t d i f f e r e n c e  between it and the bottom—up

models of the RPV control task .  In the bot tom— up models , RPV5 are

looked at sequen tially as determined from predetermined lists. In

DEMON, RPVs are given synchronous consideration in that the

operator is assumed to have an expectation with respect to the

errors and relative importance of all RPVs at all t imes. An

eval ua tion is then mad e as to wh ich RPV an d err or has the h ighes t

p r i o r i t y  (highes t expec ted ga in f r om moni tor i n g ) and tha t RPV is

selected for observation.

The system approach used in DEMON avoi ds consi dera t ion of

factors which have often been the traditional concern of human

engineer ing. In the RPV control pro b lem , we have not considered ,

at all , the motor aspects of the task. Nor have we focused on the

questions of display configuration. Instead , we hav e concen tra ted

on the cognitive portions of the problem (information processing

and decision making ) . We believe this  to be the major  aspec t of

most superv isory control problems given the time constants usually

involved in supervisory control . However , i t is cer ta in ly  true

tha t e r r o r s  that  resul t from poor ly  designed opera tor /machine

interfaces can be very significant and it would be desirable to

have models capable of dealing with these issues.
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To summar ize , top—down models are  g e n e r a l l y  appropr iate for

sk illed opera tors who are attempti ng to ac t ra t ional ly  to ach ieve

well—defined objectives. They have been applied principally in the

area of vehicle  con tr ol , but DEMON prov ides a model struc ture w ith

po ten tial for applicat ion to problems in which human con trol

actions are infrequent and in which monitoring and decision—making

are the opera tor ’s main activities. DEMON contains within it the

means for  pred ic ting the complex in terac ti ons among subt ask

componen ts making up the task wi thou t speci f ic  enumera ti on of these

interactions. The models for monitoring and decision—making are

dynamic and are in tr ins ica l ly  adaptive , w i t h i n  g iven  cons t r a in t s ,

in response to the mission requirements as specified in the model ’s

parameters. It is this property that prov ides the model with its

potential predictive power. On the other hand , the tog—down

approach imposes a c r i t ical need for def in ing dimens ions and/or

parame ters from wh ich to formul ate mean ing ful  per fo rmance  indi ces

or decision criteria. In addition , there are ma jor ques t ions

concerning the model ’ s ab i l i t y  to deal wi th procedural  aspec ts of

human per formance , to trea t the pro blems tha t are the trad it ional

concern of human factors and to handle multi—operator problems.

There are sev eral areas where we believe f u r t h e r  research  is

warran ted . Some of these relate to modelling of the RPV control

task and others are more general .
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W ith respec t to the RPV model , several simplifications were

made to aid understanding and to allow us to consider a larger

number of RPVs. It would be very worthwhile to modify the model so

that it is both more realistic and more  r e a d i l y  compared with the

bottom— up models and the simulation data.* The f irs t step in such

a modification would be to go to a four state representation for

RPV d y n a m i c s .  Next , the d i sp lay  equa t i ons  should be de f ined  more

rea l i stica l ly ,  i.e., so the i n f o r m a ti on ava ilab le f rom th~ v a r i o u s

displays correspond s to that of the actual displays . Third , better

models for nav ig at ion e r r o r s  and comman d l ink status shoul d be

added . Fourth , the basic simula t ion time incremen t should be

allowed to be less than a t ime f ram e so that decisions coul d be

triggered olt other than integral frame times. These changes are

conce ptual ly  stra igh t forwa r d and rela ti vely easy to impl emen t;

however , they will increase the computational costs.

During  implemen ta t ion of these changes f u r ther sens it iv ity

analysis and model investigation is desirable. For example , we

should explore the d i f f e r e n c e s  in per formance  tha t r esul t f rom a

stra tegy of consider ing ETA and LATDEV e r ro r s  independen tly in

dec iding wha t to moni tor (as was done here ) as opposed to one of

dec iding which RPV to monitor (as is done in the bottom—up model)

* This would require enlarging our computer program s, as well , so
tha t  we could s t i l l  cons ider  a s i g n i f i c a n t  number of RPVs .
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b

This should then be followed by a detailed comparison of model

results with data and with results from other models.

Fina l ly ,  two areas of general research interest are the

extension of the modelling concepts to multi—operator situations

and the development of integrated models that incorporate the

desirable features of both the bottom—up and top—down approaches.

Each of these areas poses problems of significant difficulty but

the payoff from successful development would be considerable.
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Pew , R. W., S. Baron , C. E. Feehrer and D. C. Miller , “Critical

Rev iew and Analysis of Performance Models Applicable to Man—Machine

Sys tems Evalua t ion ,” BBN Report No. 3446 , March  1977.

M iller , D. C., C. B. Feehrer , R. Mural idharan , R. W. Pew and S.

Baron , “ Development of Human Per formance Models for Man—Machine

Sys tems Simula t ion ,” BBN Report No. 3739, Oct . 1978.

Mural idharan , R. and S. Baron , “Combined Monitoring Decision and

Con trol Model for the Human Opera tor in a Command and Con trol

Task ,” Proceeding s of the Fourteenth Annual Conference on Manual

Control , NASA Con fer ence Pu bl ica t ion , 2060.

Pew , R. W. and S. Baron , “Man—Mach ine  Pe r fo rmance  Modeling , ”

Presented at OSR Review of AF Sponsored Basic Research in Visual

Processes and Human Operator Control , Dayton , Ohio , Sept . 1978.

Mural idharan , R. and S. Baron , “DEMON: A Human Operator Model for

Decision Mak ing , Moni tor ing and Con trol ,” To be presen ted a t the

Fifteenth Annual Conference on Manual Control , Dayton , Ohio , March

1979.
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